The frog Leptodactylus fuscus is found throughout much of South America in open and disturbed habitats. Previous study of genetic differentiation in L. fuscus demonstrated that there was lack of genetic exchange among population units consistent with multiple species, rather than a single species. We examine advertisement vocalizations of L. fuscus to determine whether call variation coincides with genetic differentiation. Calls were analyzed for 32 individual frogs from 25 localities throughout the distributional range of L. fuscus. Although there is variation in calls among geographic samples, call variation is not concordant with genetic variation or geographic distance and the call variation observed is less than that typically found among other closely related species of Leptodactylus. This study is an example of the rare pattern of strong genetic differentiation unaccompanied by salient differences in advertisement calls. The relative infrequency of this pattern as currently understood may only reflect the lack of detailed analyses of genetic and acoustic differentiation within population systems currently understood as single species with substantial geographic distributions.
INTRODUCTION
Many species of frogs once thought to consist of single species with broad geographic distributions have been found to be comprised of two or more species. Two sources of information have been most critical in reassessing species limits in frogs: molecular and advertisement call data. For example, Toda et al. (1998) concluded that genetic divergences within Rana limnocharis were of such a magnitude that several morphologically indistinguishable species were 40 W. RONALD HEYER and YANA R. REID sidered to be a single species based on morphological and limited advertisement call data (Heyer 1978) with a distribution ranging from Panama and Colombia east of the Andes to Argentina and on the islands of Margarita, Trinidad, and Tobago. A more recent molecular study estimated genetic differentiation in the species from throughout its geographic range and demonstrated lack of genetic cohesion to such a degree that L. fuscus likely is composed of several species (Wynn and Heyer 2001) . The purpose of our study is to evaluate geographic variation in advertisement calls of L. fuscus to determine whether there is correlation of advertisement calls with genetic differentiation.
MATERIALS AND METHODS
Our study relies on analysis of available recordings rather than advertisement calls along transects between population units known to be genetically differentiated from one another. We were able to obtain recordings throughout the geographic range of the species (Fig. 1, Appendix I) . A number of the recordings lack associated voucher specimens. Calling Leptodactylus fuscus are usually difficult to capture after they have been recorded. We have only utilized unvouchered recordings that meet at least two of the following requirements: (1) the recordists were experienced neotropical herpetologists who were confident that the species identification was correct; (2) the recordists collected representative specimens of all Leptodactylus from the site, thus providing proxy vouchers; and (3) WRH's evaluation that the calls were correctly identified, based on his comparative experience with calls of the Leptodactylus fuscus group.
Based on the kind of advertisement calls produced by Leptodactylus fuscus and what is known about signal processing in anurans in general (Fritzsch et al. 1988 , Gerhardt 1988 , Gerhardt and Schwartz 2001 , Littlejohn 2001 , and Walkowiak 1988 , we chose call parameters that would most likely encode species-specific information. The call parameters analyzed are: call rate, call duration, dominant frequency, beginning frequency, ending frequency, frequency sweep, and amplitude features of the waveform (terminology follows Duellman and Trueb 1986 and Heyer et al. 1990 ). Canary 1.2 software (Charif et al. 1995 ) was used to capture calls for analysis at a sample rate of 22050 Hz, and sample size of 16 bits. When available, ten calls per individual were sampled and saved into two files of five calls each due to computer limitations of file size analytic capability. Recordings that had significant signal below and above the frog calls (determined visually from audiospectrogram displays) were filtered around the frog call frequencies before taking data from the calls.
The wave form display was used to measure call rate and call duration. Call duration was difficult to determine precisely in several of the recordings due to background noise in the broadcast channel of the frog call. Questionable beginnings and endings of calls were selected and listened to as a way of determining whether the selected portion was a part of the call or not. The end of the call was more difficult to ascertain than the beginning in these cases. Additionally, in several recordings the end of the call tailed off in such a way that it was difficult to determine whether the tailing off portion was an artifact of the software program or a real signal from the frog. We are confident that call durations are consistent within calls analyzed from a single frog. We are less confident that durations are consistent among frogs, especially when comparing results from clean and noisy recordings. For example, a particularly clean recording from Trinidad ( Fig. 2a) suggests that the tail end of the call with reduced intensity has several pulses and is part of the call. In this call, the quieter tail end has a duration of 85 ms of the total 300 ms duration of the entire call. Thus, we may be underestimating call duration by as much as 85 ms for data taken from noisy recordings.
Spectrum analyses were used to determine dominant frequency with the following settings: filter bandwidth 349.70 Hz, frame length 256 points, grid resolution 128 points, overlap 50%, frequency 86.13 Hz, FFT size 256 points; window Beginning and ending frequencies were taken from audiospectrograms with the following default settings: filter bandwidth 349.70 Hz, frame length 256 points, grid resolution 5.805 ms, overlap 50%, frequency 86.13 Hz, FFT size 256 points, window function hamming, amplitude logarithmic; clipping level −80 dB. Frequency sweep is defined as the difference between the ending and beginning frequencies.
Analysis of amplitude variation and harmonic structure of calls was qualitative; the calls were compared visually using printouts of wave forms and audiospectrograms.
Temperature correlations were explored using , 2000) . Two stage least squares regression was used as some of the temperatures were based on estimates (the recordist lacked a thermometer but gave an estimate for the temperature). All parameters that were significantly correlated with temperature were standardized to 25 o C before further analyses. Standardization was achieved by using the y intercept and slope information from the two stage least squares regression analyses (Table I) . There were insufficient recordings with voucher specimens to adequately explore relationships between male size and call parameters (see discussion).
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Temperature adjusted call data were analyzed with multidimensional scaling in SYSTAT10 using Kruskal's loss function with the log option (Wilkinson 2000) . The distance matrix used was standardized Euclidean distances based on mean parameter values for each individual. The Euclidean distance matrix was produced using SYSTAT10 . As we have six quantitative parameters in our study, we examined our data using two dimensions. Multidimensional scaling was chosen, in part, so that the results of this study could be compared with the genetic results (Wynn and Heyer 2001) .
To explore if there is a correlation of geographic distance with call differentiation, we used a map distance matrix and the standardized Euclidean distance matrix used in the multidimensional scaling analysis. Geographic distances are linear map distances in kilometers. The Mantel test is used to determine whether the matrices being compared are statistically significant, using NTSYSpc version 2.02 (Rohlf 1998 ) with the raw Mantel statistic option with 1000 permutations.
RESULTS
All calls analyzed share the following features: the call is variously amplitude modulated and is frequency modulated to produce a rising whistle.
Harmonic Structure
Several of the recordings can not be evaluated for harmonic structure due to the quality of the recordings. Some calls lack harmonic structure and others have harmonics. There appears to be variation in whether harmonics occur at the beginning of the call and/or in the body of the call (Figs. 2b, 2c ). Variation in presence and absence of harmonics occurs among individuals from the same localities at Paramaribo, Suriname and Estación Biologica del Beni, Bolivia. Given the nature of the intralocality variation and inability to determine whether harmonics are present or absent in several of the recordings, harmonic structure is not evaluated further herein.
Temporal Analyses of Calls
With two exceptions, all calls begin at a lower frequency and rise throughout the call, either with a terminal plateau (Fig. 2a) or not (Fig. 2c) . The two exceptions are recordings from Río Pacora, Panama and Boa Vista, Brazil that have a drop in frequency at the end of the call (Fig. 2d) . With few exceptions, calls begin with a distinctive low frequency component that rises very slowly then shifts noticeably in a step-wise fashion to a smoothly rising frequency for the remainder of the call . Usually there is no temporal break between the initial component and the remainder of the call. There is a very short break in the following samples, which according to the terminology utilized would comprise a distinct initial note: La Jagua, Panama; Santa Cruz de la Sierra, Bolivia; Estación Biologica del Beni, El Porvenir, Bolivia, frog 1; and Embarcación, Argentina. Recordings from Paramaribo, Suriname, frog 3 and Frederico Westfalen, Brazil, frog 1 vary, having initial notes or not. The recordings from Guaíba, Brazil; Frederico Westfalen, Brazil, frog 2; and the two individuals from El Tirol, Paraguay can not be accurately evaluated for this feature.
There is considerable amplitude variation in the rest of the call (excluding the initial pulse/note), ranging from essentially unpulsed (Fig. 2d) , weakly partially pulsed, partially pulsed ( Fig. 2b) , pulsed with some pulses being partially pulsed (Fig. 2a) , to two unpulsed notes (Fig. 2e) . Samples from French Guiana; 159 km North of Santa Rosa de la Roca, Bolivia; Santa Rosa de la Roca, Bolivia; and Estación Biologica del Beni, El Porvenir, Bolivia, frog 1 have two distinct pulses in the body of the call (Fig. 2b) . The recording of the frog from 169 km North of Santa Rosa de la Roca, Bolivia, had variable calls, ranging from weakly partially pulsed to two distinct pulses, each pulse being partially pulsed. The recordings of the frogs from La Jagua, Panama and near Manacapuru, Brazil have the most distinctive pulse structure of the calls analyzed. The recording from near Manacapuru, Brazil is further distinctive in having a series of frequency steps associated with pulses in the call (Fig. 2f ).
Quantitative Parameter Correlations with Temperature
Beginning frequency is the only quantitative parameter that is not significantly correlated with temperature (adjusted r 2 = 0.012, p = 0.267). Call duration is the only parameter with a statistically significant negative correlation with temperature (adjusted r 2 = 0.313, p = 0.002). The remaining parameters have statistically significant positive correlations with temperature: call rate (adjusted r 2 = 0.304, p = 0.003); dominant frequency (adjusted r 2 = 0.281, p = 0.004); ending frequency (adjusted r 2 = 0.274, p = 0.004); and frequency sweep (adjusted r 2 = 0.334, p = 0.001).
Intrasample Variation
There is relatively little variation among calls given by the same individual. In most of the recordings analyzed, the variation of quantitative parameters for calls made by the same individual is little more than would be expected due to measurement error (e.g., Table II ). The greatest variation observed among calls given by the same individual is call rate; the most extreme example is an individual frog from Paramaribo, Suriname with call rates/min of 33 and 70. Call rate comparisons in our data are difficult to evaluate due to several potentially confounding factors. Specifically, call rates are often slower when a frog begins calling than after the frog has been calling for a while. Call rates also vary depending on the individual physiological conditions or the social settings of the males. We have no data to evaluate these confounding factors, but we do not think the other parameters we evaluate are as influenced by these factors as call rate is. Our reasoning is that call rate is the only parameter examined that is entirely behaviorally controlled; all other parameters have a morphologically constrained component to them.
Data for multiple individuals with associated temperature data are available from three localities (for this purpose, the two sites within the Estación Biologica del Beni are considered to represent a single locality). The intra-individual variation is about equal to inter-individual variation in the two samples from El Tirol, Paraguay (Table II, Q1 and Q2) . In contrast, inter-individual variation is noticeably greater than intra-individual variation for the samples from Frederico Westfalen, Brazil and Estación Biologica del Beni, Bolivia (Table II, F1 versus F2 and samples L1-L3 versus L4-L5 respectively). Although the variation is considerable among certain individuals from the same localities, the magnitude of differences are within those predicted to still be perceived by single individual frogs (e.g., the data in Zakon and Wilczynski 1988 indicate a minimum range of around 200-400 Hz beyond which frogs can distinguish frequencies).
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Intersample Variation
Amplitude modulation can be modified by environmental parameters (Gerhardt 1994) , which is likely one reason that most frogs call frequentlyto overcome the signal distortion caused by the biotic and abiotic environment from the signal sender to the signal receiver. Ideally, amplitude modulation should be evaluated from recordings made at similar dB levels, recorded the same distances from the calling frog. Our recordings were not made under standardized conditions. Nevertheless, the kind of variation observed (Fig. 2 ) suggests to us that there is biologically meaningful variation in amplitude modulation in Leptodactylus fuscus calls throughout its geographic range. However, none of the calls can be grouped so that the groups differ by the same magnitude as found between other members of the Leptodactylus fuscus species group (e.g., the clearly pulsed versus non-pulsed calls of the sibling species pair Leptodactylus mystaceus and L. didymus, Heyer et al. 1996) . The most striking difference in the calls analyzed is the single versus two note calls from two individuals from the same locality recorded by S. Reichle from Bolivia ( Fig. 2e and g ). Other calls from the same site are variously intermediate in amplitude patterns, however, indicating the differences reflect individual variation rather than population or species level differentiation. As indicated in the Materials and Methods section, the call rate data may have a larger component of variability due to male condition and social setting than the other quantitative variables analyzed. Multidimensional scaling analyses were performed including and excluding the call rate data in Table  III . The results are almost identical, with the only difference in relative positions being a switch of samples A and L3 as shown in Figure 3 . Consequently, the analysis including call rate data is used to explore variation of the quantitative call variables. For the multidimensional scaling analysis using all variables, there were 29 iterations smoothly reaching a final configuration of 0.140 and a proportion of variance (r 2 ) of 0.92.
Quantitative data for multiple frogs from the same localities would be expected to appear as nearest neighbors in a multidimensional scaling analysis, assuming the multiple samples from single sites are conspecific.
The calls of the two frogs from the same Paraguay locality (Q1, Q2) are not each other's closest neighbors (Fig. 3) . The call data for one frog from the same locality in Rio Grande do Sul, Brazil (F1) is nearer to the sample point from a different locality in Rio Grande do Sul (G) than to the second same-locality data (F2) (Fig. 3) . The call data for five frogs from the Estación Biologica del Beni, Bolivia (L1-L5, shaded symbols) together encompass almost one-half the total multidimensional scaling space variation. Samples L1-L2 and L4-L5 are near neighbors but these sample pairs are quite distant from each other, with L3 being closer to L1-L2 than L4-L5 (Fig. 3) .
There is little geographic structure in the multidimensional scaling results. All call data from Rio Grande do Sul (F, G, H, I) form a cohesive cluster, but the next closest geographic sample from Iguazú Falls, Argentina (R) is much nearer several other samples than the Rio Grande do Sul samples (Fig.  3) . The non-Estación Biologica del Beni call data from Bolivia (M, N, O, P) are each closer to other samples than to either the Estación Biologica del Beni (Fig. 3, shaded symbols) or other Bolivian samples (Fig. 3) .
The multidimensional scaling results indicate that the frog call from Boracéia, Brazil (K, Fig. 3) is the most distinct sample in the analysis and that the variation observed in the five frog calls from Estación Biologica del Beni (Fig. 3 , shaded symbols) represent either (a) that the advertisement call data within sites are almost as variable as data among all sites, or (b) that there is more than one species at the site. We interpret the available data as signifying that there is a single species at the Estación Biologica del Beni, but this interpretation requires additional data to be conclusively accepted.
The frog from Boracéia was recorded in captivity on the same evening it was captured. How- ever, the frog called notably sporadically. New field recordings should be obtained from Boracéia to determine whether the available distinctive call is characteristic of the entire Boracéia population or an artifact of animal stress and/or factors related to artificial calling conditions. The Mantel test comparing the geographic distance and standardized Euclidean call distance matrices is not statistically significant. The Mantel test matrix correlation is r = −0.02 and the onetail probability is p [random Z ≥ observed Z] = 0.425.
In sharp contrast to the preceding results, the multidimensional scaling results for the genetic data showed clear geographic structure and there was a significant correlation of geographic distance with genetic distance for the entire data set (Wynn and Heyer, 2001 ).
DISCUSSION
Call -Temperature Interaction
Call parameter correlations with temperature in Leptodactylus fuscus are the same as in other studies with one exception. Duellman and Trueb (1986) indicated that call rates, pulse rates, and frequencies increase with temperature in frogs and that call duration decreases with temperature, although Gerhardt and Schwartz (2001) stated ''...typical changes in carrier frequency with temperature in anurans are relatively small...'' Our data demonstrate a significant negative correlation with call duration and significant positive correlations for call rate, dominant frequency, ending frequency, and frequency sweep. In all of these significant correlations, which would be predicted from previous studies, temperature accounts for about 30% of the variation in each call parameter. The exception is that the beginning frequencies of the calls in L. fuscus do not demonstrate a statistically significant correlation with temperature. This suggests that the beginning call frequency is morphologically determined and not affected by temperature. A plausible explanation is that when the laryngeal muscles are relaxed, the mass of the vocal cords in the larynx determines the beginning frequency of the call. The other call frequency parameters we evaluated can be assumed to reflect the action of laryngeal muscles increasing the tension on the vocal cords resulting in rising frequency throughout all or almost all of the rest of the call. Manz (1975) demonstrated a positive correlation between temperature and laryngeal muscle contraction. Thus, beginning frequency appears to be morphologically predetermined in L. fuscus, but the frequency modulation of the call is under the frog's control (firing rate of laryngeal muscles), which has a temperaturedependent component to it.
Call -Size Interaction
Although we could not address the relationship between male size and call parameters directly, indirect evidence provides an indication that this relationship is not as strong as the relationship between call parameters and temperature. The moderately large species Bufo viridis demonstrates a strong relationship of fundamental frequency regressed against body size with r 2 values ranging from 0.25 to 0.47 for different populations (Giacoma and Castellano 2001) . However, Leptodactylus fuscus is a smaller species than Bufo viridis, with a relatively small range of adult size (36-48 mm for almost all 344 males measured throughout the distributional range, Fig. 4 ) and would be expected not to show the same magnitude of correlation as occurs in Bufo viridis.
Calls and Genetic Divergence Patterns
A major function of frog advertisement calls is to attract mates. In general, advertisement calls are under stabilizing selection, matching signal and receiver capabilities to promote choosing homogametic mates that will result in successful offspring. This point can not be overemphasized.
The kinds of situations that would lead to evolutionary change in calls include: (a) sexual selection, generally for some trait that females interpret as indicating greater male fitness, such as lower dominant frequency, which indicates larger size (Ryan 1985) ; (b) a population faced with a change of habitat, such as a forested habitat becoming an open habitat (see discussion in Gerhardt 1994); (c) predator pressure (Gerhardt 1994) , which is posited as the reason why many frogs of the genus Eleutherodactylus emit very infrequent calls; and (d) populations that have genetically diverged in isolation coming into contact with each other -if the hybrids are not as fit as the parental populations, selection will result in differentiation of the calls (Littlejohn 1988) .
Given what is known about genetic differentiation in Leptodactylus fuscus (Wynn and Heyer 2001) and call differentiation in frogs in general, we would expect the call and genetic differentiation to belong to one of the following two patterns. Pattern 1. Genetically differentiated units have distinct advertisement calls, often differing by an order of magnitude in some feature of the call. This is the dominant pattern in frogs of the genus Leptodactylus (and frogs in general) and can be treated as the null hypothesis in evaluating the interaction of call and genetic differentiation. An example of a closely related cluster of frogs that have allopatric distributions with distinct advertisement calls is the Leptodactylus mystaceus cluster. Heyer et al. (1996) described distinct advertisement calls for L. didymus, elenae, mystaceus, and notoaktites (the call of the other member of the cluster, L. spixi, has yet to be analyzed). Given the L. mystaceus cluster example, we anticipated that L. fuscus would fit this pattern.
Pattern 2. Genetically differentiated units have little call differentiation. Within this, there are two subpatterns.
Pattern 2a. Allopatric systems. Genetically differentiated populations are geographically isolated from each other. The genetically isolated populations retain the ancestral advertisement call (through stabilizing selection). This is the most common reported Pattern 2 type, but has been documented in relatively few cases to date (e.g., the Geocrinia rosea complex in southwestern Australia, Driscoll 1998 for genetic data and Roberts and Wardell-Johnson 1995 for call data and the clades of Hyla arenicolor isolated on different sky islands in southwestern USA, Barber 1999a, b). Pattern 2b. Allopatric or sympatric systems. Small differences in calls are adequate for female discrimination. This is the rarest reported pattern. Blair and Littlejohn (1960) demonstrated that the calls of the chorus frogs Pseudacris ornata and streckeri differ by only a few hundred hertz in carrier frequency, yet females discriminate between the calls of the two species. Based on what is known about hearing discrimination in frogs in general, the difference in carrier frequency in the two chorus frog species would not have been predicted to be sufficient for females to consistently discriminate them.
The data in Wynn and Heyer (2001) were not adequate to delineate genetically isolated sets of populations with geographic precision. However, in order to determine to which of the above two major patterns Leptodactylus fuscus belongs, the following characterization is sufficient. The allozyme data indicate that there is no genetic exchange among populations with high levels of genetic differentiation from Trinidad, southeast Brazil, and Salta, Ar-gentina. The genetic data are consistent with treating L. fuscus from these three areas as three distinct species. The calls of L. fuscus from these three areas show relatively little differentiation. The calls do not approach the degree of differentiation found in the members of the allopatrically distributed members of the L. mystaceus complex (Heyer et al. 1996) .
The Leptodactylus fuscus data unambiguously do not fit the first pattern and do fit the second. The current data for L. fuscus are inadequate to determine whether they represent an example of Pattern 2a or Pattern 2b. In order to determine to which Pattern 2 type L. fuscus conforms, the following types of data need to be gathered. 1) Finer geographic sampling of advertisement calls and genetic data. The advertisement calls must be associated with temperature data and voucher specimens in order to factor out the interactions of calls with temperature and size of calling males if they are statistically significantly correlated.
2) Gravid females need to be tested to determine whether they can discriminate between and among the kinds of relatively small differences observed in the advertisement calls of L. fuscus demonstrated in this paper.
At present, Pattern 2 has been uncommonly reported in frogs. That may be due to the rarity of analyses of both genetic and acoustic differentiation within frogs considered to be a single species that have substantial geographic distributions. As more such species are evaluated genetically and acoustically, we may find that Pattern 2 is more common than currently understood. For example, work on the neotropical frog Physalaemus pustulosus by Ryan et al. (1996) demonstrated that it also fits Pattern 2. Current work with female choice experiments should soon demonstrate whether P. pustulosus fits Pattern 2a or 2b (A.S. Rand, pers. comm.) .
APPENDIX I
Recordings of advertisement calls of Leptodactylus fuscus. Temperatures are for air. Mean values used in analyses for each individual frog are based on the number of calls indicated. The localities are organized by countries in a general north to south order. Institutional abbreviations are as listed in Leviton et al. (1985) .
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